Recent theories predict that when a supercooled liquid approaches the glass transition, particle clusters with a special "amorphous order" nucleate within the liquid, which lead to static correlations dictating the dramatic slowdown of liquid relaxation. The prediction, however, has yet to be verified in 3D experiments. Here, we design a colloidal system, where particles are confined inside spherical cavities with an amorphous layer of particles pinned at the boundary. Using this novel system, we capture the amorphous-order particle clusters and demonstrate the development of a static correlation. Moreover, by investigating the dynamics of spherically confined samples, we reveal a profound influence of the static correlation on the relaxation of colloidal liquids. In analogy to glassforming liquids with randomly pinned particles, we propose a simple relation for the change of the configurational entropy of confined colloidal liquids, which quantitatively explains our experimental findings and illustrates a divergent static length scale during the colloidal glass transition.
Understanding the nature of the glass transition is one of the most challenging problems in condensed matter physics [1] [2] [3] [4] . Although ubiquitous and technically important, glasses still elude a universally accepted theoretical description. A molecular glass forms when the temperature of a liquid is quenched below its glass transition temperature T g . Near the transition, the relaxation of a liquid can slow down by many orders of magnitude with only a modest decrease of temperature by a factor of 2 or 3. The classical thermodynamic theory of Adam and Gibbs suggests that such a super-Arrhenius temperature dependence arises from cooperative particle rearrangements in localized regions that are related to the configurational entropy of supercooled liquids [5, 6] .
To illustrate the static correlations associated with these localized regions, "point-to-set" correlations have recently been proposed in the framework of the random first-order transition theory (RFOT) [7] [8] [9] [10] [11] , which is a modern development of the Adam-Gibbs theory unifying physical insights from the mode coupling theory and the spin glass theory [1, 2] . In the RFOT, a gedankenexperiment was conceived [8] , where particles outside a cavity of radius R in a supercooled liquid are suddenly frozen while the particles inside the cavity are allowed to freely evolve. The point-to-set correlation length, ξ, is defined as the minimal R such that the particles at the center of cavity are not affected by the pinning field imposed by the boundary. A cavity with R < ξ constrains the system into a local minimum of the free-energy landscape and captures an "amorphous order" particle configuration nucleated within the liquid. Numerical simulations on molecular glass-forming liquids have demonstrated an increase of ξ close to T g [7] [8] [9] [10] [11] . More recently, following a different protocol [10] , Nagamanasa et al. have investigated semi-infinite 2D colloidal liquids with a wall of particles pinned in an equilibrated configuration and have experimentally confirmed the existence of static point-toset correlations away from the pinning wall [12] .
Nevertheless, important questions remain unanswered. First, it is still an open question if and how the static correlation develops in 3D experimental systems similar to the gedankenexperiment. Second, recent theory has suggested that, instead of frozen equilibrated boundaries, confined systems with conventional boundaries exhibit a qualitatively similar trend for the development of static correlations [13] . Although confined systems have been extensively studied in probing the dynamics of glass-forming liquids [14] [15] [16] [17] [18] [19] [20] [21] [22] , it has yet to be verified if the predicted static correlation exists in these supposedly familiar systems. Lastly, there still lack systematic experiments that examine how the configurational entropy associated with static correlations varies when a confined colloidal liquid approaches the glass transition. Quantitative understanding of the variation of the configurational entropy is of great importance in shaping the glass transition theory [1, 5] . Our experiments aim to address these questions.
In our experiments, we use fluorescent polymethylmethacrylate (PMMA) colloidal particles of two different sizes d s = 1.29 µm and d l = 1.64 µm (Figs. 1a, b) , which effectively prevent the crystallization in the system. The polydispersity of each size is smaller than 5% and the number ratio of particles is fixed at 2:1. PMMA particles are suspended in a mixture of decalin and cyclohexyl bromide that matches both the density and refractive index of the particles. To prepare cavities with fixed particle boundaries, we first disperse the colloidal suspension into an aqueous solution of gelatin agent at 70 • C to create an oil-in-water emulsion. When temperature is lowered to the room temperature, the aqueous phase solidifies through gelation, which traps a layer of particles at the oil-water interface [23] . The gel has a storage modulus G ′ > 10 MPa, leading to a yield energy,
9 times larger than the thermal energy k B T . Thus, particles across the interface are permanently pinned, as confirmed by both scanning electron microscopy (SEM) (Fig. 1c) and mean-squared displacement (MSD) measurements (Fig. 1d) . Particle dynamics inside the cavities are recorded using a spinning-disk confocal microscope. The radius of the cavities, R, is measured from the average position of the centers of the pinned particles (Fig. 1a) . We exclude the pinned layer when measuring the volume fraction of the samples, φ [23] .
MSDs show a sharp gradient in the slowdown of the particle dynamics near the confining surface. Three particle diameters away from the pinned layer, the particles already exhibit slow yet uniform dynamics (Fig. 1d) , consistent with the particle dynamics in emulsion droplets with high-viscosity outer fluids [22] . Thus, the particle dynamics near the center of the cavities reveals the true confinement effect, instead of the wall-induced interfacial effect that is usually present in confined colloidal systems [15] [16] [17] [18] [19] [20] [21] [22] .
With these specially prepared cavities, we measure the correlation of configurations between the particles at the center of the cavities and the set of particles pinned at the boundary, i.e., the point-to-set correlation. Following the RFOT protocol [8] , we choose an area of size 3.7d s × 3.7d s at the center of the cavities excluding the particles with non-uniform dynamics near the boundary (Fig. 1a) [23] . The area is further divided into 10-by-10 small boxes. The box size is small enough such that the number of particles in the box i is either n i = 0 or 1. The overlap function that quantifies the correlation between the initial configuration and the configuration after a time interval t is defined as:
where the average is taken over the initial time t 0 . Figures 2a and b show q c (R, t) at two different φ. At φ = 0.41, q c decays to a plateau, which shows a weak dependence on the degree of confinement. However, at φ = 0.54, the confinement exerts a stronger influence on q c . For small cavities with R ≤ 16.5d s , q c decays slowly across the entire time window of our experiments. Two factors determine the time variation of q c : (i) the development of a true static point-to-set correlation; (ii) the slowdown of particle dynamics near the glass transition, which deteriorates further due to the effect of confinement [15, 18, 21] . To characterize and then exclude the influence of slow particle dynamics on q c (t), we investigate single particle dynamics through the selfintermediate scattering function:
where we choose Q = 7.4d −1 s from the position of the first peak of the structural factor S(Q) [23] , x i (t) is the location of particle i at time t and N is the number of particles in the studied area. Note that, different from q c , F s represents a self-correlation, equivalent to the self-overlap function q self c
where n s i (t 0 )n s i (t 0 +t) = 1 only when the same particle occupies the cell i at time t 0 and t 0 + t. F s exhibits a characteristic two-step relaxation above a certain φ(R) (Fig. 3a) . We find that q c reaches the plateau when F s decays to 0 (Fig. 2c) [10, 27] . Accordingly, we measure the equilibrium overlap, q ∞ = q c (R, t = t * ) at a time t * when F s = 0. The protocol ensures that our measured q ∞ is a true thermodynamic quantity reflecting the structural rather than the dynamic signatures of the system. Specifically, we average the plateaued q c in a time window over 200 s to reduce statistical errors. Since a bulk sample does not develop the static correlation before the ideal glass transition [8, 13] , q ∞ of bulk samples defines q rand (φ)-the overlap between two uncorrelated configurations at a given φ. q rand (φ) forms the baseline for comparison, which we obtain from both experiments and theoretical and numerical calculations [23] . Fig. 2d shows [q ∞ (φ) − q rand (φ)] for different confinements. q ∞ deviates from q rand at φ ≈ 0.47 for the cavities of R = 8.5d s , indicating a static point-to-set correlation length ξ 8.5d s , similar to that found in unconfined 2D systems [12] . Compared with bulk samples of the same φ, particles inside a small cavity equilibrate and sample fewer numbers of states that are compatible with the constraint of pinned boundaries, which, therefore, leads to a larger overlap [13] . Different from equilibrated boundaries that pin particles in a single state when R < ξ, our confining boundaries allow degenerate states and interstate dynamics [23] . Consistent with the RFOT, the increase of q ∞ with φ becomes more drastic as R is reduced (Fig. 2d) . Since the size of the amorphous-order particle clusters increases with φ, a smaller cavity captures the emergence of the clusters at lower φ and, thus, exhibits a larger q ∞ .
Next, we investigate the influence of the static correlation on the relaxation of confined colloidal liquids. We obtain the relaxation time of the liquids, τ α , by fitting the α relaxation of F s with stretched exponential functions,
, where A is the Debye-Waller factor (Fig. 3a) . τ α as a function of φ for different R is shown in Fig. 3b . Although the relaxation is much slower for samples under confinement [15, 18, 21] , we find that a fitting of τ α (φ) using the Vogel-Fulcher-Tammann (VFT) relation, τ α (R, φ) = τ 0 exp[Dφ/(φ c −φ)], gives a constant φ c = 0.59 ± 0.01, independent of R (Fig. 3b inset) . φ c is the volume fraction of the apparent divergence of the relaxation time and indicates the ideal glass transition in the Adam-Gibbs theory. Moreover, we find that the fragility index, D, increases linearly with 1/R, following D(R) = D(∞) + c(d s /R) with c = 3.56 (Fig. 3b inset) . Bulk samples have the smallest D and exhibit the most fragile behaviors. In addition to the confinement, the change of the fragility of glass-forming liquids has also been reported in experiments varying particle stiffness [28] and in simulations varying the curvature of space [29] , the degree of polydispersity [30] and interparticle potentials [31] . Although our results are qualitatively similar to previous experiments on 2D confined vibrated granular particles [20] , it is worth noting that the change of fragility in our 3D colloidal system is not due to the slowdown of particle dynamics near the wall as proposed in the previous study. When analyzing q c and F s , we only consider particles with uniform dynamics in the center of the cavities excluding the slow particles near the boundary (Fig. 1d) .
With due caution in interpreting the extrapolated data [1, 3] , we can gain a quantitative understanding of the configurational entropy of confined colloidal liquids. From the Adam-Gibbs theory, the relaxation of a supercooled liquid is given by τ α ∼ exp[A 0 φ/s c ], which leads to the VFT relation when the configurational entropy density of the liquid s c = K(φ c − φ), where K is a numerical constant and the fragility index D = A 0 /K [5, 32] . τ α diverges when s c = 0 and φ = φ c . Our experiments show that the configurational entropy of colloidal liquids vanishes at a constant φ c , independent of confinement. This result agrees with numerical studies on glass-forming liquids with randomly pinned particles [33] , where the extrapolated Kauzmann temperature T K is independent of the concentration of pinned particles, ρ pin . Note that
Inspired by this similarity, we propose the following formula for the configurational entropy density of confined colloidal liquids [33] :
, where s c (φ, ∞) is the configurational entropy density of bulk samples at φ, and F (R) ∈ (0, 1] is an increasing function of R with F (∞) = 1. The relation is consistent with our experiments, i.e., s c (φ, R) = 0 at a constant φ c independent of R. Furthermore, at a finite R, the system has a reduced number of states with s c (φ, R) < s c (φ, ∞), resulting in a non-zero (q ∞ − q rand ) (Fig. 2d) . More importantly, under the Adam-Gibbs assumption, the relation 
which successfully interprets the decrease of D(R) with increasing R (Fig. 3b inset) . Quantitatively, we have
Here, we use the experimental result, (Fig. 3b inset) . Eq. (3) can be further written in a scaling form [33] :
where
. ξ p represents a static length scale-the so-called pinning lengthwhich is related to the point-to-set correlation length ξ
1/3 near the random-first-order transition and ξ p /d s ∼ ξ/d s away from the transition [33] [34] [35] . To directly verify the ξ p scaling, we manage to collapse ln[τ α (φ, R)/τ α (φ, ∞)] by using a rescaled variable ρ pin ξ 3 p (Fig. 3c inset) . ξ p (φ) thus obtained indeed follows the predicted 1/3 scaling (Fig. 3c) . Note that ξ p (φ) is an intrinsic property of colloidal liquids, independent of confinement [33] [34] [35] . Furthermore, the estimate of ξ based on the q c measurement gives ξ 8.5d s at φ ≈ 0.47 (Fig. 2d) , leading to ξ > ξ p ≈ 2.5d s , consistent with the scaling relation between the two length scales.
Our experiments may help to resolve controversies over static correlations in the glass transition. First, we confirm the numerical and theoretical predictions on the 1/3 scaling of the pinning length [33, 34] and illustrate a divergent static length scale in the colloidal glass transition when φ → φ c . Moreover, we show that glass-forming liquids with randomly pinned particles show quantitatively similar dynamics as colloidal liquids under spherical confinement [10, 13, 27, 33] . Thus, the RFOT can be applied for understanding confined colloidal liquids-an extensively studied subject in colloidal science [15] [16] [17] [18] [19] [20] [21] [22] . Our findings contradict the numerical study on hard-sphere particles, where the increase of static correlations is found to be negligible [35] . The results are also different from the theoretical prediction, where φ c moves to lower φ under pinning or confinement [13, 34] .
It should be emphasized that although we interpret our results within the context of the RFOT, the experimental findings are independent of specific theoretical descriptions. Therefore, it is necessary to check if our experiments can be explained by other competing theories including dynamical facilitation and geometric frustration models [3, 4] . For example, the large curvature of small cavities induces strong geometric frustrations in particle packings [36, 37] , which modify the particle dynamics that may link to our observations [4, 36] . In addition to providing experimental results for assessing general glasstransition theories, our study also provides new insights into the dynamics of confined colloidal liquids and may shed light on the behavior of atomic/molecular liquids under nano-confinements [14] .
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